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54) Method and apparatus for high-frame-rate high-resoiution ultrasonic image data acquisition 



57) Data for high-trame-rate high-resolution (i.e., 
lowf-number) ultrasonic imaging ars acquired by a tech- 
nique that involves transmitting multipie plr/sicaliy .'sep- 
arated bsarns sirnuitaneousiy and acqiiiring ifn.Tging da- 
ta for more than one scan line during receive. Spatial 



apodization (36) is used to influence the irarisrnit beam- 
formation (26) and to form two coniroiied and focused 
spatially separate beams with a si.ngle fi. it of the trans- 
ducer array elements and without use of additional tim- 
ing eiectronics. 
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Description 

[0001] This invenjion generaliy reiaies to uitrasounti ir-iaging systems and, more pasticijiarly, to msltiods and appa- 
ratus for increasing the acoustic frame rate of ultrasound images. 
s [0002] The idea! ultrasound system will maintain its imaging resolution at an optimum value throughout the area of 
intersst. Oru3 method for accomplishing this is oflen referred to as boarnformation with the complele data set or !SF 
reconstruction. Witri this method, the data acquisition seqijence proceeds as follows: transmit with transducer element 
1 , receive with transducer elements 1 through ht, transmit with transducer element 2, receive with transducer elements 
! through M. and .so forth, 

10 [0003] Since this approach requires transmit/receive operations, it is not feasible for clinical imaging due to the 
data acquisition time requirements. However, if facilitates a beamformation process in which each individua! pixel of 
the image has its own specific set of beamformation parameters. By this imethod, one can achieve dynamic focusing 
on transmit beamformation as well as with receive beamformation. Therefore, reconstruction Is often considered 
the target or the point of comparison by which clinically feasible approaches are measured. Thus a data acquisition 
method which approaches the method while minimizing the frame rate impact would be a desirable development, 
[0004] A conventional ultrasound Image is composed of multiple image scari Unas. A single scan line (or smai! lo- 
calizEjd group of scan lines} is acquireri by IrsinsmiMIng ultrasound energy f£5crised at a point In the region of inieresl 
and receiving the reflected energy over time. The focused transmit energy is referred to as a transmit beam. During 
the time after transmit, one or more receive beamforrners coherently sum the energy received by each channel, with 

20 dynamically changing phase rotation or delays, to produce peak sensitivity along the desired scan lines at ranges 
proportional to the elapsed time. The resulting focused sensitivity pattern is roforrod 1o as a receive beam. Resolution 
of each scan lino is a result of the directivity of the aesociaied transmli and receive beam pair. 
[0005] The L-jeamformer channel output signals are coherently summed 1o form a respective pixel intensity value for 
each sample volume in the object region or volume of interest. These pixel intensity values are log-compressed, scan- 

25 converted and then displayed as an image of the anatomy being scanned. 

[0006] The frame rate of medical ijltrasound imaging systems is determined by the number of transmit events nec- 
essary per frame. In conventional ultrasound imaging systems, a transmit event is a transmit beam directed in a par- 
ticular direction or at a particular foca! position. Frame rate in medical ultrasound imaging is a valuable resource. With 
additional frame rate, larger regions (as in color flow imaging or three-dimensional Imaging) or faster objects (e.g., the 

30 heart) can be imaged. In addition, image enhancement methods such as video integration (noise reduction) or com- 
pounding (speokie redijction) can also use up frame rate 

[0007] In conventional medical ultrasound imaging, a single pulse is transmitted in a particular direction and the 
reflected echoes are coherently summed to form a single line in the image frame. The amount of time necessary to 
form that scan line is determined largely by the round-trip transit time of the ultrasonic pulse. Furthermore, many scan 
3S lines are present In an image frame to densely sample the anatomical region of interest. Thus the frame rate in con- 
ventional medical ultrasound imaging is determined by the sound propagation speed and the size of the region of 
Interest. 

[0008] High-frame-rate systems are desirable for 2D imaging and necessary for future real-time 3D imaging. The 

frame rate can be improved by decreasing the number of transirnit events per '[arne. This has been conventionally 
40 accomplished with a proporticnai reduction in the number of transmit elements used In each transmit event, which 
results in poor sigrial-to-noise ratio (SNR). A decrease in the nurnber of transmit events per frame has been conven- 
tionally accomplished only with an accompanying reduction in the number of transmit elements, which resuits in very 
poor SNR. 

[0009] Conventional ultrasound beamforrners use dynamic locusing during reception ot echoes. With this method, 
-fs the bearnforrnation process is optimized fcsr each deptti to achieve as gooci a beamshape (i.e., narrow bearriwidth with 
low sidelobes) as possible. However, in most systems, a single fixed focus is used during transmit beamformiation to 
try to maintain a good combined beamshape. In areas away from the transmit focus, the bearnwidth of the resultant 
beam widens and the sidelobes increase. 

[0010] In one known ultrasound Imaging system, an improvement to the fecal properties Is achieved by using multiple 
so transmits aimed at different focal locations or ^onos. The echoes from tfiess focal ^ones are used to form sublmages, 
which then are stitched together In the final imiage. While this method optimizes beam properties in most areas of the 
image and hence begins to approximate performance, this occurs at a major penalty of frame rate, i.e., the speed 
of sound is sufficiently slow to bring the frame rates down to as low as 5 frames/isec In typical cases as many as eight 
transmit focal locations are used, which brings about an 8-Toid reciuction in frame rate. This penalty is quite severe 
55 with lower-frequency probes that are used in clinical situations requiring deep penetration. 

[0011] A similar limitation associated with the data acquisition time occurs even more seriously with color flow map- 
ping, a Doppler-based technique in v/hlch 4 to 16 transmissions are typically made in a direction of interest to acquire 
enough data for clinical utility. One approach that has been implemented to try to overcome this limitation is that of 
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transmitting a widgr b9am and placing miiltipls receive beams within the transmit envsiope. The resultant beams are 
not necessarily of good quality; however, given the relatively modsst nseds ot Doppier processing, the mathoci works 
saiisfactoriiy. The quality of such beaiTis is noi s;:jifk;i(sril for B-rncxie iriiagirig Henc:e. there is a significant need to 
acquire data at a faster rate and tor that data to be of sufficient quality to form competitive images. 

s [0012] According to the present invention, data for high-frame-rate high-resolution (i.e., low f-number) ultrasonic 
irriaging are acquired by traneimitting rnultlpte physically separated bearris simuitaneoLisiy and obtaining irriaglng data 
for more than one scan line during receive. Spatial apodization is used to infiusnce the transmit beamformation and 
to form two controiied and focused spatiaify separate beams with a single firing of the transducer array eiernents and 
without use of additional timing electronics. This method will be referred to herein as "dual beam steering by apodizalion" 

10 and involves transmission of a single time-delayed focused signal that is separated simultaneously into two distinct 
beams by imposing a cosinusoidal apodization on the transmitted signals from the elements of the transmitting phased 
array. 

[0013] This concept can be extended to provide improved performance tor larger scan angles and larger angular 
separations of the dual beams. Moreovor, an apodization methodology can be employed to extend the original concepts 
to multiple (more than two) transmit beams with a single transmit firing. It is also possible to apply this concept to two- 
dimensional arrays, which mai<es It possible to work with a two-dirriGnsional set ot transmit beams. 
[0014] Fmbodimsnls of the invfiniion wiii now ba described, by way of examplH, wilh reference Id thf! acccimpanying 
drawings, in which: 

[0015] FIG. 1 is a bloci< diagram oi an ultrasound imaging system in accordance with the present invention. 
20 [0016] FIG. 2 is a graph showing the transmit apodization profile for transmission of a pair of steered ultrasound 
beams from a 12S-element phased array in accordance with one preferred srmbodiment of the invention. 
[0017] FIG. 3 is a graph showing the dual beam profile rossJliingfromappiicationcf the transmit apodization weighting 
function shown in FIG. 2 (solid cun/e) and the single beam profile for transmission with the same f-number and without 
apodization. 

25 [001 8] FIG. 4 is a grapti showing the quad beam profile resulting frorn application of a transmit apodization weightifig 
function to a 128-element phased array in accordance with another preferred eiTibodiment of the invention. 
[0019] As shown in FIG. 1 , an ultrasonic imaging system incorporating the invention comprises a transducer array 
10 made up of a plurality of separately driven transducer elements 12, each of which produces a burst of ultrasonic 
energy when energized by a pulsed waveform produced by a transmitter 14 The ultrasonic energy reflected back to 

30 transducer array 10 from the object understudy is converted to an electrical signal by each receiving transducer element 
■ 2 fsnd applied separately to a receiver 16 through a set of transmit/receive (T.''R) switches 18 The T/'R swiicnes 18 
are typically diodes which protect the receive electronics from the high voltages generated by the transmit electronics. 
The transmit signal causes the diodes to shut off or limit the signal to the receiver. Transmitter 1 4 and receiver 1 6 are 
operated under control of a master controller 20 responsive to commands by a human operator. A complete scan is 

3S performed by acquiring a series of echoes in which transmitter 14 is gated ON rnomentarilyto energize each transducer 
element 12, and the subsequent echo signals produced by each transducer element 12 are applied to receiver 16. A 
channel may begin reception while another channel Is still transmitting. Receiver 16 comDines the separate echo signals 
from each transducer element to produce a single echo signal which is used to produce a line in an Image on a display 
rnonitc3r 22, 

40 [0020] Under the direction of master controller 20, transmitter 14 drives transducer array 10 such that ultrasonic 
energy is transmitted as two or more directed focused bea-tis. To accomplish this, respective time delays are imparted 
to a multiplicity of pulsers 24 by a transmil beamforrner 26. Master controller 20 dotetminos the conditions under which 
the acoustic pulses will be transmitted. With this information, transmit beamforrner 26 determines the timing and am- 
plitudes of each of the transmit pulses to be generated by pulsers 24. The amplitude ot each transmit pulse will be 
-fs generated by an apodization generatiori clrcull 36, which may comprise a high-voitage comroiier thai sets the power 
supply voltage to each puiser. Puisers 24 in turn send the transmit pulses to each of elements 1 2 ot transducer array 
10 via T/'R switches IS, which protect the time-gain control (TGC) amplifiers from the high voltages which may exist 
at the transducer array The cosinusoidal (or other function) weightings are generated within apodi2ation generation 
circuitry 36, which may comprise a set of digitai-to-analog converters that take the weighting data from transmit beam- 
so lorrnar 26 and apply them to puisers 24 

[0021] By appropriately adjusting the transmil focus time delays in a conventiona! manner and also adjusting the 
apodization weightings appropriately, two or more ultrasonic beams can be directed and focused at respective points 
during a single transmit firing. For example, FIG. 2 shows an apodization weighting function suitable for producing two 
spatially separate beams during a single transmit firing of transducer elements 12. The I'esuiting two beams are rep- 
55 resented by the dual peaks in the solid curve shown In FIG. 3. Removal of the apodization would causa a single beam 
lobe formed, as indicated by the dashed curve in FIG. 3. The steering angle produced by the time delays is the average 
of the sines of the two angles of the two ultrasonic beams resulting from apodization In accordance with the preferred 
embodiment depicted in FIG. 2. 
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[0022] The echo signals produced by each burst of Liitra-soPiic energy reflect from objects located at successive 
ranges along each ultrasonic bear!"!. The echo signals are sensed separaieiy by each transdiicer eiement 12 and a 
sample of ifie rnagriitude of the echo signal a! a particular point In time represents the arnoun! of reflesction occurring 
at a specific range. 

s [0023] Due to the differences in the propagation paths between a reflecting point and each transducer element 12, 

1hs echo signals are not detected sirTiuitaneously and their arnplitudos are not equal Receiver 1 6 amplifies the separale 
echo signals via a respective TGC arinpllfier 28 In each receive channel. The amount of amplification provided by the 
TGC arriplifiers is controlled by a TGC circuit (noi shown) that Is set by hand operation of potentiometers. The amplified 
echo signals are then fed to rscslve beamformer 30. Each recelvar channel of the receive bearriformer is coupled to 
10 a respective one of transducer elements 12 by a respective TGC amplifier 28. 

[0024] Under the direction of master controller 20. receive tjearnforrner 30 tracks the directions of the twolransiTiitted 
beams, sampling the echo signals at a succession of ranges along each beam. The receive beamformer imparts the 
proper time delay to each amplified echo signal and sums them to provide an echo signal which accurately indicates 
the total ultrasonic energy reflscted from a point locatsd at a particular range along one uitrasonic beam. Most con- 
's ventlonal systems have the capability of receiving two beams simultaneously. This usually does not require two full 
SGts of bsarnformsr channels; in a digital beamfomner, the separate beams are formed after several steps of common 
processing Thijs, the recHiue bejirrsforrner 30 gerierijtes two r&ceiva bearriK in a convsniionai mannei, the receive 
beams corresponding to the two ultrasound beams transmitted at different angles. When conventional beamformers 
perform fwo-lor-one receive beamformation, the transmit beam is ■jsualiy widened to cover the area of Ehs two receive 
20 beams. The present invention makes if possible to get dramatically improved beamformation (using two separate 
transmit beams) without the necessity of introducing any additional timing circuitry. 

[0025] The recelvs focus time delays are computed in rsai-time using specialized hardware or read from a look-up 
table. The receive channels also include circuitry (not shown) for filtering the received pulses. The time-delayed receive 
signals are then summed and supplied to a signal processor or detector 32 which converts the summed received 

25 signals to display data In the B-mode (grey-scale), the display data constlluEe the envelope of fhe surnrned signals 
with some additional processing, such as edge enhancement and logarithmic compression. A scan converter 34 re- 
ceives the display data from detector 32 and converts the data into the desired ipiage for display !n particular, scan 
converter 34 converts the acoustic image data from polar coordinate (H-S) sector format or Cartesian coordinate linear 
array to appropriately scaled Cartesissn coordinate display pixel data at the video rate The scan-converted acoustic 

30 data are then produced for display on display monitor 22, which Images the time-varying a.iTipiiiude of the envelope of 
the summed signals as a grey scale. A respective scan line is displayed for each spatially separate beam transmitted 
during a single transmit firing. 

[002S] Dual beam steering (later to be extended to more than two beams) by apodization in accordance with the 
invention can be explained in mathematical terms. The response of a narrowband beamformer near its focus is given 
by the following expression: 



where f(u) is the transmit response as a function of u - sm(Q), 0 is the angle with respect to the array normal and /cq 
-fs - 2n;X Is the wave number. As is well known, this expression gives a Fourier transform relation between the aperture 
function a{x) and the field response as a function of u. In a typical ultrasound application, the fijnction a{x) is used for 
the purpose of apodization, i.e., to suppress the sidelobes that arise as a consequence of the Gibbs phenomenon, 
[0027] The technique in accordance with the dual beam steering embodiment of the invention uses the a(x) compo- 
nent of Eq. (1 ) to modify the beam pattern in a manner that allows formation of two or more transmit beams frorri a 
50 single transmission. It is well f^nown from interferometry that use of two point sources will create a sinusoidal field 
distribution. This is a direct consequence of the Fourier transform characteristic of the narrow band far-field (or focal) 
beamtormatlon. The present invention takes advantage of reciprocity in that if a sinusoidal weighting (apodization) Is 
applied on the array elements, the field pattern will be that of two spatially separated 8-functions In other words, if a 
weighting 
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is applied, where d is the spatial irequency of the sinusoid, the resulting field pattern will be 



2 I [_ A, 



■X)' 



(3) 



where tho abbroviation "si" lias beeri usadfor sine (or s,\c,{x)!x]. 

[0028] Thus, merely by inl rodurilng the coslnusoida! wnighlirsg funciiori, Iwo beams tare irtsri.srriiHed drfring a single 
firing of a multiple-eierneni phased array. This Is accomplished without generation of any timing signals or other means 
usually used tor such purposes. Equations {1)-{3) assume infinite apertures. If the aperture Is assumed finite with a 
length L the field response becomes the following: 



[0029] The a(x) function used to derive Eq. (4) Is a rect/L/ function, hence the sine terms in the response. The rect- 
function can be defined as follows: 



rect[x\~ \ if 

f . . L 
recs\x] — OiJ x > 



(5) 



[0030] A rrioro fipprop! iaie weighiing funciiori can bo used to suppretis f:-ideiob(3£; afisoclaUjd with the sine function, 
FIG. 2 is an example of a sinusoidal weighting function with error function apodization -superimposed on it for sidelobe 
suppression. The error function smoothes out the edges of the aperture response and is not rsecessary for Implemen- 
tation of th(5 inventlori. FIG. 3 shows the resulting slmuialed beamshape. In this Instance the apodization causes two 
beams to be steered to the right at 19 and 25 degrees. Removal of the apodization while transmitting with the same 
f-nijrnber would cause a single beam to be formed, as depicted by the dash-dot line in FIG, 3: however, the single 
beam would no! be exactly at 22 degrees To get the two bearns lo show up at 19 and 25 degrees, ihe sine of the 
steering angle must be ai the average of the -sines of the Iwo angles (i,e,. [sin(19°) -^ sin(25")j/2), 
[0031] Some loss in lateral and contrast resolution with the wfldeband signals may occur due to use of the coslnusoidal 
apodization. This, In effect, limits the aperture size In the simulation, in practice, this loss can bs compensated for by 
using a lower f-number in situations where the dual beam performance is desired. Given a fairly large selection of 
possible apodizalion curves, the dssignsr can optirnizQ performance to the given situation. 

[0032] A natural characteristic of sinusoidal or coslnusoidal functions makes them effective In the Invention. The 
cosine weighting can be expressed as: 
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One way to inlsrprel the right-hand side of Eq (6) Is that these are the phase delays (usually expressed as complex 
exponentials) corresponding to the steering delays required to steer the beam in the two desired directions 
[0033] The cosinusoidal apodization as in Eq, (2) \s a reslalively sirripie expression and has liiTilled rangtj of vaiidity 
in an application such as medical ultrasound. A more generaiiy applicable expression can be developed with the fol- 
lowing analysis which is based on the assumption of a Gaussian transmit waveform and single scattering from the 
targets. An expression tor the point spread function (PSF) is formed by summing the transmitted and received signals. 
By varying the apodization function used dunng the transmit operation, a beam with multiple peaks can be generated. 
The nature of tha apodization function is defined as part of th9 following derivation, 

[0034] II is aKsurnetj thai the isclio reiceiveci ai eiemenl n, given a ifansrniiied Gaussjian signal .si','} witti banidwieit!'! B 
and a scatterer at location R^, is given by 




In this expression, K Includes Ihe conlriDulions of all constants or slowly varying factors such as the oDIiquity factor, 
and r,„ and r,, are the locations of the transmit and receive elements, respectively. The first exponential term signifies 

[ha phase of the carrier that results from 1he propagation from Iho tranfimitling tjiemont to the scatterer and back to 

the receiving element and the second exponential signifies the associated envelope. 

[0035] The properties of ir'nages that are derived f ror'n a B-rnode imaging system that focuses the transmitted signals 
at a single point, and subsequently focuses the received echo signals from each firing at many points, can now be 
demonstrated. The transm itted elemental pulses are time delayed so that the coherent sum of the transmitted elemental 
signals focuses at a single separate point for each firing of the array. On receive, the echo time-sampled coherent 
signals are first accurriuiated at each element. The focus-orj-receive signals are then conslrracted from the coherent 
sum of the individuai elemental time samples, where individual time samples are chosen commensurate with the prop- 
agation time for a signai to travel from the receive foci to the individuai elements. 

[003S] For example, the focus on transmit at is accomplished by firing the first element at the time t^^ Using 
as a reference time, the other elements are fired at times 




and 
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[0037] A measure of the spread of the imaging beam pattern (or the PSF) can be obtained by generating the sideiobe 

response function of the imaging system. The PSF, l;^^ ■ "ftf), may be dcsfinod as 1hra ftiagniiude of the coi-Xsrent signai 
obtained from the sum across the array ot ail the elementai time sampies trat are chosen specifically as the focus-on- 
receive sampies for a point scattsrer at in the anaiysis, an infinits ternpora! sampling rate Is assumed, which altows 
thtj choice of the exact lime sample cornmensurals with a single focus-on-rscsive point. 
[0038] The time-sampled signal at the n-th receiver used to focus-on -receive at the point is given by 



R^,t ~ ty + ■ 



:>\-'B ~ — 

1 



4c. 



(8) 



ss Here, all the constants have been lumped Into a constant which will be used as a generic constant in the following 
discussion. The PSF is given by 



30 



(9) 



f-or conventional windowing functions characterized by sv^ ^ 0, for aii rn, n ,) has a maximum at = 
[0039] In general, eltjment weighting functions in beam-forming can be complex. As an example, 



40 



45 



J, 



[IK,- +d-r. 



if. 



(10) 



The phase arguments in Eq. (8) now have the form 

Here l(B^„ S will have a maximum at a displaced focal point, 8= 3^ 

[0040] Apodlzatlon functions that are a linear combination of two exponentials can be considered as a second ex- 
ample, such as 
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fii?,+^™r„|~|/?,-?L|) 
1, 



10 



exp jl^r 



(11) 



For these woighiings, l('Sg, will have two local maxima a1 -~ fif±S. 
'•5 [0041] For the present invention, the tocus Is on uniform linear phased arrays with element spacings of equal to one- 

haif of onG wavelength, X, associatod with the central frequGncy of the broadband ultrasound waveform. The cofjCQpts 
of bearn steering and besar. spliliing inlrociucfKi horsjin are also applicable !o highsr-ordfjr 2-D uncj 3-D arrays. For a 
1-D uniform linear phased array with N elements, the element vectors are represented by 



{N-Vj 



The unit vector Opj., is paraHe! to the array. 

[0042] In a polar angular B-mode scan the transmit focal distances are often dynamicaiiy changed to image various 
depth zones. For a specific focal zone a fixed focal length scan corresponds to a pure rotation, which in turn restricts 
the choice of shift vectors S described above to satisfy the constraint relation: 



[0043] It is advantageous to express these relations in terms of spatial frequencies. For a 1-D linear phased array 
system, the spatial frequencies are defined as 



t = -< - sin e, 

40 

where 9 is the polar an g ie with the polar axis along the normal (boresight axis) of the linear array. The spatial frequencies 
associated with the transmit foci are 



45 



'par 



SO 



The shifted foci have the spatial frequencies 



f ±5^.JZAj. where S,^^^. 

as 

For these constrained polar shifts, the terms in the exponents of Eqs. (i 0) and (11) can be expanded in a Taylor series 
expansion: 
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Rr 



r] 



[ ^/ J 



(12) 



The higher-order terrris in the expansion can be neglecled in the regime of interest. For the 1-D case, the apodization 
functions in Eq. (11) can be taiten as 



R, 



1+ 



(13) 



and 



I + - 



R. 



(14) 



The original coslnusoida! apodization funclion (see Eq. (2)) is of the form w„ = lY„,lcos(2n/-„,8^). The additional terms 
that rasult from \\\a more:- detailed 1hs3orelical analysis given herein will improve performance at large scan angles and 

large dual beain separation ar^gles. 

[0044] In principle, Wt < N local spatial frequency rnaxirna can be constiucfed by choosing a complex weighting 
corresponding to a linear combination of spatiai frequencies. The spacing between the spatial frequencies must exceed 
the Rayleigh spatial frequency resolution of the system. For a narrow-band system of wavelength X^., the Rayieigh 
spatial frequency interval associated with a iinoar phased array of length (N - 'i)'.KJ2 is Sfpjj.,.| - sln(2/{,\' - In 
practice, multiple bearri generalion is most eftective wlien M is relativeiy small. The general expression for the complex 
apodization function for an M-\h order split beam is given by 



exp 



J2?v 



(15) 



The generation of four beams thai are symmetrically displaced about the single B-mode scan focal point at displace- 
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ments +5f, and may bs considerGd as an sxampls. The §'s are chosen to be srriaii enough ihai the exponentiai 
phase term in Eq. (1 3) can be negiected. This corresponds to the condition X^L^&^/4Rj « 1 . A foLir-beam apodization 
fiincMon can be! construcled of this form: 



cQsj Im-^Sfi 



] + 



+6 cos 2m: 



1 + 



Rf 



(16) 



As ar! example of this quad baarri conatructiori, a simulation of the PSF was pei1orm£;dfor a 129-e!3rnent linear phased 
array using the apodization function from Eq. (16) with i7,„! - 1 for all m. dj., - 3sin(1/64?^2), ±5|2 - 36fi and b~ 2.8, The 
transmit focus was at f^Q 0 at t/1 .5. The Gaussian wavefonms have a central frequency of 5 MHz with a 60% fractional 
bandwidth. The simulation results are illustrated in FIG. 4, This demonstrates the extension of the concept to the 
transmission of muitlpie physically separate beams from a single firing of the transducer elements. It also shows the 
extension of the simple cosinusoidal weighting (Eq. (6)) to a more complete expression which covers complex multi- 
beam situaiion.'s 



20 Claims 



1. A system for imaging ultrasound scattorors, comprising: 



an ultrasound transducer array (10) for transmitting ultrasound waves and detacting ultrasound echoes re- 
fleeted by said ultrasound scatEerers, said transducer array cornprising a muitipiicity of transducer elements 
(12); 



a multiplicity of pulsers (24) respectively coupled to said muitipiicity of transducer elements for pulsing selected 
transducer elements which form a Iransrriit aperture in response to a multiplicity of purser activation signals; 

30 

a transmit beamformer (26) for general ing said multipliciiy of piiiser activation signals with respective predra- 
termined time delays corresponding to a focused ultrasound beam having a predetermined steering angle 
relative to an axis normal to said transducer array; 

an apodization generator (36) for applying respeclive apodization weighting factors to said multiplicity of 
pulsofs during a transrnit firing of said saieclGd iransducQr eisrnsnts, aaid respective apcdizaiiori WGighting 
factors being determined in accordance with an apodization function having the property that said selected 
transducer elements transmit first and second ultrasound beams having first and second steering angles re- 
spectively during said trjsnsmil fiiing, said first and socorjd ultrasound beams being displaced relative to, and 
40 on opposite sides of, said predetermined steering angle: 

a receiver (16) coupied to said iransdsjcer array for receiving a set of receive signals from seisctod transducer 
elemshls which form a receive aperture subsequent to said transmit firing; 



45 a receive bearriforrner (30) for forming first ami s(5conci beKimaumrriec receive signals from said set of receive 

signals, said first beamsummed receive signal corresponding to said first steering angle and said second 
bsamsummed receive signal corresponding to said second steering angle; and 

a display monitor (22) for displaying an image having a first scan line which is a function of said first beam- 
so Slimmed receive signal and a second scan line which Isalunclion o; said second boamsuinrTied receive signal. 

2. A system for transmitting at least two ultrasound beams during a single transmit finng, comprising: 

an ultrasound transducer array for fransmitting ultrasound x¥aves and detecting ultrasound echoes reflected 
55 by said uitrasoLind scatterers, said transducer array comprising a rnuliipliciiy of transducer elerne.nts; 

a mLiltlpilcity of pulsers respectively coupled to said multiplicity of transducer elements for pulsing selected 
transducer elements which form a transmit aperture in response to a muitipiicity of puiser activation signals: 
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a transmit beamformer for gQnerating said multipiiciiy of pulser activation signals with respsctivQ prsdeter- 
mined tirrie delays corresponding to a focused ultrasound beam having a predetermlried steering angle relative 
to an axis normai 1o said transducor array; and 

s an apodization generator for applying respective apodization weighting factors to said miiltlplicity of pulsers 

during a transrnit firing of said selected transducer elements, said respective apodization weighting factors 
being determined in accordance wiiln an apodization function having the property that said seiected transducer 
elements transmit first and second ultrasound beams having first and second steering angles respectively 
during said transmit firing, said first and second liltrasourid beams being displaced relative to, and on opposite 
10 sides of, said predetermined steering angle. 

3. The system as defined in clairrs 1 or claim 2, wherein said first steering angle is greater than said predetermined 
steering angle and said second steering angle is less than said predetermined steering angle. 

'5 4. The system as defined in claim 1 or claim 2, wherein said apodization function Is cosinusoidal. 

5. The sysSem as defined In claim 1 or claim 2, wherein :;«lti Hporiizaiior; function is sinijsoidai 

6. A method for imaging ultrasound scatterers, comprising the steps of: 

20 

generating a multipiiciiy of pulsar (24) activation, signals with respective predetermined time delays corre- 
sponding lo a focused uitrasound beam having a predetermined steering angle raiative lo an axis normai to 
a transducer array comprising a multiplicity of transducer elements; 

pulsing selected transducer elements of said array to form a transmit aperture in response to a multiplicity of 
pulser activation signals, each of said selected transducer elements being pulsed with a respective transducer 
drive signal during a transmit firing; 

applying a multiplicity of apodization weighting factors to said transducer drive signals such that each of said 
30 transducer drive signals is a function of a respective apodization weighting factor and a respective pulser 

activation signal, said respective apodization weighiing faclors being deiermlnod in accordance with an apo- 
dization function having the property that said selected transducer elements transmit first and second ultra- 
sound beams having first and second steering angles respectively during said transmit firing, said first and 
second ultrasound beams being displaced relative to, and on opposite sides of, said predetermined steering 
3S angle: 

receiving a set of receive signals from selected transducer elements which form a receive aperture subsequent 
to said transmit firing; 

40 bearnforming first and second beamsummed receive signals from said set of receive signals, said first beam- 

sumnied receive signal corresponding to said first steering angle and said second bsamsummed receive signal 
corresponding to said second steering angle; and 

displaying an Image having a first scan line wiiich is a function of said first bcamsLimnned receive signal and 
45 a second scan line v«tiicti is a function of said secorsd bsamsumrned receive signal, 

7. The method as dsiined in claim 6, wherein said first steering angle is greater than said predetermined steering 
angle and said second steering angle is less than said predetermined steering angle. 

so s. The method as defined in claim 6, v/herein said apodization function is; cosinusoidal, 

9. The method as defined in claim 6, wherein said apodization function is sinusoidal. 

ss 
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